Patients with Type I (insulin-dependent) diabetes mellitus have a reduced transcapillary fluid absorption from skeletal muscle and skin to blood during hypovolaemic circulatory stress [1] . This fluid shift has been shown to have a major effect on early plasma volume restitution during rapidly started hypovolaemic circulatory stress [2, 3] . The fluid absorption is caused by a sympathetic a-mediated and b-mediated decrease in capillary pressure and is enhanced by a concomitant increase in capillary surface area available for fluid transfer [3±5]. The reduction of this beneficial fluid absorption in diabetic patients might lead to reduced tolerance to hypovolaemia with an increased risk for complications in situations such as bleeding, rapid gastrointestinal fluid losses or burn injuries. The possible explanations for the reduced fluid absorption in diabetic patients are a decreased Diabetologia (2000) Abstract Aims/hypothesis. Patients with Type I (insulin-dependent) diabetes mellitus have a reduced transcapillary fluid absorption from skeletal muscle and skin and thus defective plasma volume regulation during hypovolaemia. Our aim was to find whether a defective capillary filtration coefficient or impaired transcapillary driving force are aetiologic factors for this reduction. Methods. We investigated 11 diabetic patients (diabetes duration 6.9 1.1 years, age 26 1 years), without complications and 12 control subjects (26 1 years). Their capillary filtration coefficient was measured in the upper arm using a volumetric technique at rest and during lower body negative pressure (LBNP). We calculated the driving force for transcapillary fluid transfer.
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The aim of our study was to find whether disturbances in capillary hydraulic conductivity (capillary filtration coefficient, CFC), or impaired sympathetic regulation of the driving force responsible for fluid transfer, are aetiologic factors for the reduction of transcapillary fluid absorption during the hypovolaemic circulatory stress seen in Type I diabetes [1] .
Subjects and methods
The study was conducted on 11 men with Type I diabetes (mean age 26 years; range 20±32 years); BMI 21.7 0.7 kgḿ ±2 . All were being treated with insulin but no other longterm medication. The mean duration of diabetes for the group was 6.9 years; range 2±11 years. They all had normal urinary albumin excretion and no signs of retinopathy. The patients received four doses of insulin a day and their HbA 1 c was 8.4 0.4 % (range 6.3 ± 10.8 %; reference value < 5.3 %). The control subjects were 12 healthy male volunteers, without diabetes, hypertension or any other systemic disease (mean age 26 years; range 20±33 years), BMI 22.6 0.8 kg´m ±2 . No subject was taking any other medication and all gave informed consent to the experiments which were approved by the ethics committee of Lund University, Sweden. Of the diabetic patients three and of the control subjects one were cigarette smokers. They were instructed not to smoke on the day of the investigation. One diabetic patient and one healthy volunteer participated in the earlier study on transcapillary fluid absorption during hypovolaemic circulatory stress [1] .
The randomised experiments started 1 h after a regular meal in the morning or noon. The subjects were instructed to abstain from coffee or tea on the day of the investigation. All diabetic subjects had taken their usual insulin dose. Blood-glucose was measured at the start and at the termination of experiments (Medisense compagnion 2, Medisense, Cambridge, Mass., USA).
The experiments lasted 3 h and were carried out in a relaxed and quiet atmosphere at a temperature of 22±24 C. The subjects were in a supine position with their legs enclosed in an airtight box up to the level of the iliac crest with a rubber seal fitted hermetically around the waist. The box was connected to a vacuum source (lower body negative pressure, LBNP) permitting stable negative pressure to be rapidly produced (within 5 s). The negative pressure in the LBNP chamber was continuously measured by a manometer (DT-XX disposable transducer, Viggo Spectramed, Helsingborg, Sweden) and held constant by a rheostat. Lower body negative pressure is an established technique that causes a defined experimental hypovolemic circulatory stress with a concomitant sympathetic activation due to deactivation of central baroreceptors [12] .
The CFC and blood volume capacitance responses in the upper arm were measured using a volumetric technique [3] . The air-filled plethysmographs we used were cylindrical, 8 cm long and made of 3.5 mm thick transparent plastic. Each subject rested his right arm at the level of his heart. A plethysmograph was placed on the upper arm and the proximal, middle and distal circumferences of the enclosed segment of the arm were measured and the volume calculated. The plethysmograph was then sealed hermetically against the skin of the right upper arm with the aid of an elastomer (Provil, Bayer Dental, Leverkusen, Germany). We took care to avoid venous stasis. Changes in tissue volume were measured with a piston recorder connected to the plethysmograph. The piston recorder was placed in an airtight plastic box, in which a defined and stable negative pressure could be applied and transmitted through the piston to the plethysmograph. Thus, this experimental setup allowed changes in tissue volume to be measured simultaneously with the application of negative pressure in the plethysmograph [3] .
The CFC was calculated from the fluid filtration that follows a defined small (1.5±1.6 mmHg) pressure decrease in the plethysmograph. The transmission of negative external pressure to the underlying tissue has previously been shown to be full without any difference in pressure transmission in relation to tissue depth [13] . Furthermore, no changes are seen in intravascular pressure, indicating the establishment of a transmural pressure gradient over the capillary walls that is defined by the applied external negative pressure. External negative pressure causes typical volume changes essentially analogous to those evoked by an increment in local venous pressure. After an initial increase in regional blood content there is a progressive slow increase in volume due to a net transfer of fluid from the intravascular to the extravascular space. Net fluid filtration and applied external negative pressure were used to define CFC.
In this definition DV f denotes the fluid filtration (ml1 00 ml ±1´m in ±1 ) and DP c the applied external negative pressure (mmHg). After 45 min of supine rest basal CFC (CFC C ) in the right upper arm was measured by the application of external negative pressure (1.5±1.6 mmHg) in the plethysmograph for 5 min. The fluid filtration was measured from 2 to 5 min, at which time the capacitance response is terminated. After the discontinuation of negative pressure, arm volume gradually returned to baseline within 20 min. After 30 min, central hypovolemic circulatory stress with a concomitant sympathetic stimulation was instituted with the aid of LBNP (60 cm H 2 0), during which CFC (CFC LBNP ) was measured in the arm [3] . The LBNP was applied when the upper arm volume was stable and was maintained for 13 min. After 3 min of LBNP, external negative pressure (1.5±1.6 mmHg) was applied in the plethysmograph around the arm for 5 min to measure CFC LBNP . The LBNP was continued after the CFC manoeuvre for an additional 5 min now with atmospheric pressure in the arm plethysmograph and then discontinued. The change in the transcapillary fluid absorption slope created by the applied negative pressure in the plethysmograph was divided by the applied negative pressure in the plethysmograph and was taken as CFC LBNP [3] . The transmural driving force was calculated from the fluid absorption curve after CFC LBNP divided by CFC LBNP . The capacitance response in the upper arm was measured from the rapid volume change between baseline volume both at onset and at cessation of LBNP and the mean value was taken as the prevailing capacitance response.
In the analysis of the tissue volume responses during rapidly started hypovolaemic circulatory stress, abrupt changes are considered to reflect alterations of regional blood volume, whereas gradual volume changes reflect net transcapillary fluid transfer. This interpretation of tissue volume changes has been validated with the aid of simultaneously measured blood and tissue volume changes in animals [14, 15] and in man [16] .
Arterial blood pressure was measured non-invasively in the left upper arm with a semi-automatic blood pressure device (Omron, model HEM-700C, Tokyo, Japan). Mean arterial pressure (MAP) was taken as the diastolic pressure + 1/3 of the pulse pressure.
To define the hypovolaemic stimulus caused by LBNP, we calculated the blood pooling in the legs by means of strain gauge plethysmography applied at the maximum circumference of the calf, approximately 15 cm distal to the knee [17] . The LBNP evoked an initial rapid increase of leg volume (capacitance response) followed by a slower but continuous increase reflecting net transcapillary fluid transfer from blood to tissue. As the capacitance response ends within about 3 min, the transcapillary fluid filtration was measured from the slope between 3 and 8 min [18] . The capacitance response was calculated from the volume increase at the onset of LBNP to the line defined from the filtration slope. Data are given with reference to soft tissue weight excluding bone. Bone is taken as 10 % in the upper arm [19] and 13 % in the calf [20] .
The ECG signal, plethysmograph pressure, pressure in the LBNP chamber and the calf volume were registered, amplified (PC polygraph, Synetics Medical, Stockholm, Sweden) and collected with a computer program (Gastrosoft polygram, Synetics Medical, Stockholm, Sweden) on a personal computer (SPC 386, SPC Trading AB, Uppsala, Sweden).
Statistical analysis.
Values are expressed as means SEM. We calculated area under the curve (AUC) for the changes in heart rate and blood pressure. The significance of the difference between the two groups was tested by unpaired Student's t test. We considered p less than 0.05 to be statistically significant.
Results
The resting heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure (MAP) were similar in diabetic patients and control subjects (Table 1) .
Blood-glucose was 12.5 1.6 mmol´l ±1 before the experiments and 10.4 1.4 mmol´l ±1 at termination of the experiments in the diabetic subjects.
The subjects generally tolerated the LBNP of 60 cm H 2 O well. One control and one diabetic subject developed a more pronounced fall in systolic blood pressure, with a decrease in heart rate and concomitant dizziness. These experiments were promptly discontinued and the results were excluded from the calculations, thus from these two subjects only resting CFC is reported.
The capacitance response (pooling of blood) in the calf in diabetic and control subjects during LBNP was similar: 2.29 0.24 compared with 2.11 0.22 mĺ 100ml ±1 (NS). The transcapillary fluid filtration in the calf during LBNP was also equal in both groups: 0.076 0.011 compared with 0.090 0.009 mĺ 100ml ±1´m in ±1 (NS).
During hypovolaemic circulatory stress caused by LBNP, heart rate increased, SBP decreased and DBP (% of resting values) was unchanged (Fig. 1) . When LBNP was discontinued, all the haemodynamic variables rapidly returned to baseline level. No statistically significant differences in changes in heart rate, SBP and DBP were seen between control and diabetic subjects in absolute or in relative values. , that is 20 % ), the driving force for fluid transfer is found to be 1.02 mmHg. It is easily seen that the established driving force for fluid absorption must have been smaller than the applied decrease in plethysmograph pressure because the transcapillary fluid absorption slope was reversed to a net fluid filtration during the CFC LBNP manoeuvre.
The capacitance response (mobilisation of peripheral blood to the central circulation) from the upper arm in diabetic and control subjects during LBNP was similar [1.31 0.10 vs 1.31 0.08 ml´100ml
±1
, respectively (NS)].
The CFC C in the upper arm of diabetic subjects was decreased compared with control subjects [0.033 0.003 vs 0.051 0.007 ml´100ml ±1´m in ±1 mmHg ±1 respectively (p < 0.05)] and CFC LBNP during LBNP-induced hypovolaemic circulatory stress increased about 35 % compared with the CFC C in the control subjects (p < 0.05) (Fig. 3) . The increase was similar in the diabetic patients, although it failed to reach significance. Thus, as in the resting state CFC LBNP was decreased in the diabetic patients [0.046 0.004 vs 0.069 0.006 ml´100 ml ±1´m in ±1 mmHg ±1 (p < 0.01)]. The driving force calculated during LBNP-induced hypovolaemic circulatory stress was similar in diabetic and control subjects, [1.37 0.11 vs 1.30 0.15 mmHg, respectively (NS)] (Fig. 3) .
In the diabetic patients both CFC C and CFC LBNP correlated to HbA 1 c (r = 0.67, p < 0.05 and r = 0.71, p < 0.05, respectively). There was no correlation between CFC and the prevailing blood glucose or disease duration. . Thus, CFC LBNP increased about 20 %, compared to the resting value during LBNP. Note that the transcapillary fluid absorption evoked by LBNP was reversed to a net fluid filtration during the CFC manoeuvre, implying that the driving force for fluid absorption was smaller than the magnitude of the applied decrease in external pressure Fig. 3 . A CFC C in the upper arm of diabetic and control subjects. CFC is reduced by 35 % in the diabetic patients (*p < 0.05). B CFC LBNP during concomitant hypovolaemic circulatory stress in diabetic and control subjects. This shows that CFC LBNP has increased by 35 % in both groups and that CFC still is decreased in the diabetic compared with control subjects (**p < 0.01). C show, the induced driving force for fluid transfer caused by hypovolaemic circulatory stress. This was similar in diabetic and control subjects A B C
Discussion
Earlier studies have shown that extravascular fluid passes into the blood during hypovolaemic circulatory stress and this occurs predominantly in skeletal muscle and in the skin, i. e. tissues which contain a large fluid reservoir [2, 15] . The driving force for the fluid is established by a decline in capillary hydrostatic pressure induced by reflex autonomic adjustments of the precapillary to postcapillary resistance ratio [15] . Such an alteration of the resistance distribution seems to be linked to activation of a-adrenergic and b-adrenergic receptors in the vascular bed [5] . In humans this transcapillary fluid absorption seems to be larger than in animals [21] probably because of CFC in these tissues is high [3, 22] . We have recently shown that patients with Type I diabetes have a reduced transcapillary fluid absorption during hypovolaemic circulatory stress before microvascular complications are clinically overt [1] . A possible pathophysiological explanation for the reduced fluid absorption in diabetic subjects could be linked to either a decrease in CFC, a defect establishment of a transcapillary driving force (reduction in capillary pressure) responsible for fluid absorption during hypovolaemia, or a combination of both. The CFC calculations in this study were based on a transmural pressure gradient caused by a decrease in extravascular pressure instead of the more commonly used increase in intravascular pressure. The negative external pressure applied around the upper arm is fully transmitted to the tissue irrespective of tissue depth and therefore induces a defined increase in capillary transmural pressure [13] . Further, venous pressure and, thus, perfusion pressure is unchanged minimising the influence on the microcirculation [10] . The application of a small increase in transmural pressure gradient avoids activation of local myogenic as well as axon reflex responses, with closure of precapillary sphincters as seen during larger increases in transmural pressure [10,11,22]. These protective reflexes might explain the different CFC values found when different methodology has been used [8,9,22].
When the transcapillary fluid filtration in response to an increase in transmural pressure is studied, it is of fundamental importance to be able to separate the capacitance response from the capillary filtration. This is aided by the capacitance response being a rapid process, whereas the capillary filtration is fairly slow. The duration of the capacitance response after a large increase in venous pressure (» 40 mmHg) is about 3 min [18, 23] . This gradually diminishes when lower increases in pressures are applied and the time for completion of the capacitance response has been found to be well below 2 min when an increase in transmural pressure of 10 mmHg or less is applied [23] . Furthermore, the duration of the capacitance response is shorter when tissue pressure is reduced compared with methods using venous stasis [24] . Thus, the capacitance response induced by application of 1±2 mmHg external negative pressure ends within 1 min [25] . Accordingly, the calculation of CFC between 2 and 5 min after application of the increase of 1±2 mmHg in transmural pressure gradient in our study is justified. The advantages of external negative pressure compared with the venous congestion technique are that transmural microcirculatory pressure changes are defined and independent of the precapillary to postcapillary resistance ratio. Furthermore, there is no influence on the microcirculation because of reduced perfusion pressure.
As indicated by the low resting heart rates, the study was done on subjects with a good physical condition. The CFC in the healthy subjects was of similar magnitude to that found earlier when applying low transmural pressure increase in the microcirculation [3, 22] . The CFC was reduced by 35 % in the diabetic patients, implying that the capillary surface area available for fluid transfer was reduced. A defective transmission of negative pressure into the tissue in the diabetic patients that would result in a reduction in the estimated value for CFC is a possible confounding factor. Adequate pressure transmission was, however, supported by the unchanged capacitance response as we saw in the calf. Other factors of importance might be a delayed capacitance response in the diabetic subjects due to impaired vascular reactivity or disturbed mechanical properties of the vascular walls jeopardising the differentiation between the capacitance response and the filtration process [26, 27] . Furthermore, blood flow heterogeneity with increased numbers of non-perfused capillaries could also result in delayed capacitance in the diabetic patients [28, 29] . This would, however, result in an underestimation of the difference in CFC. Thus, the conclusion that CFC is decreased in the diabetic patients seems to be valid. There could be several reasons for the decrease. Reduced capillary density in skeletal muscle has been reported in diabetic animals [30] . In Type I diabetic patients the total number of capillaries has been shown to be unchanged but with increased numbers of non-cellular muscle capillaries, indicating loss of capillary function [31, 32] . Also capillary flow heterogeneity could decrease the capillary surface area available for fluid transfer [29] . Water passes not only through intercellular clefts but also through endothelial cells with the aid of aquaporin, a membrane-integrated protein and the function of aquaporin could be disturbed by glycation [33, 34] . Changes in the capillary wall fibre matrix might impede fluid transport and explain the combination of decreased CFC and increased/normal albumin permeability found in diabetic patients [35] . This divergence could also be the result of a loss of the electrostatic barrier that only affects albumin permeability [36] . It seems probable that there are different mech-anisms for transcapillary transport of water and for other molecules, therefore, our data cannot be extrapolated to other substances.
Previous studies on CFC in diabetic patients without microvascular complications have shown increased [7] or unchanged CFC [8, 9] . The earlier studies in the 1970 s [8,9] were before HbA 1 c became available and therefore the metabolic control of the diabetic subject was not known. This might be important because our data show that HbA 1 c affects CFC, in line with the finding of increasing CFC in diabetic patients during pronounced hyperglycaemia [37] . The explanation for this relation could be an increase in the activity of protein kinase C and vascular endothelial growth factor due to hyperglycaemia with an increase in vascular permeability [38, 39] . In the earlier studies hyperglycaemic periods before the examination might have increased CFC. The later study in 1993 [7] using the venous congestion technique found no correlation between CFC and the prevailing bloodglucose or HbA 1 c . The increase in venous pressure was not measured, however, which might influence the estimation of CFC. In all three studies, CFC was measured by application of high transmural pressures, which might elicit myogenic and venoarterial reflexes [10, 11] . This might lead to an overestimation of CFC because defective microvascular reflexes have been reported in diabetic patients [40] . This might also influence CFC values found in diabetic patients with microvascular complications where CFC has been found to be increased compared with healthy volunteers [8, 9] . The effect of diabetes duration itself on CFC has not been fully explained, although no correlation was seen in the later study [7] as well as in ours.
The CFC LBNP increased 35 % during hypovolaemic circulatory stress both in controls and diabetic subjects. This probably reflects a more effective perfusion of the capillary bed due to opening of precapillary sphincters [3, 4] . That the applied decrease in tissue pressure during the CFC LBNP manoeuvre in most cases counteracted and even reversed the net fluid absorption indicates that it was higher than the established transcapillary driving force for fluid absorption from tissue to blood. We found that the established driving force over the capillary walls responsible for the transcapillary fluid absorption during LBNP in healthy controls was about 1.3 mmHg, which is similar to that described earlier [3] and that in diabetic patients it was unchanged. Studies on the regulation of skin capillary pressure have shown increased capillary pressure in diabetic patients indicating reduced precapillary resistance [6] . The cardiovascular response we found, including the increase in CFC as well as the transcapillary driving force during LBNP-induced sympathetic activation, indicated that the sympathetic vascular regulation was preserved. A sympathetic denervation might, however, still be of importance. That no such effect was found in the arms does not exclude this possibility, because selective defects have been shown in legs in early Type I diabetes [41] . The LBNP of 60 cm H 2 O induced high increases in vascular transmural pressure in legs with a concomitant capacitance response as well as transcapillary filtration. Assuming an 80 % transmission of negative pressure [17] , CFC was about 0.003 ml´100 ml ±1 min ±1´m mHg ±1 and similar to that in previous studies where high increases in transmural pressure have been applied [8, 9] . The CFC calculated for calves was not, however, decreased in diabetic patients contrary to that from the arms that had a small increase in the vascular transmural pressure gradient. Although this might indicate a defect myogenic reactivity in the diabetic patients it is difficult to draw conclusions from these data because the combined effects of increased sympathetic discharge and local protective reflexes on CFC are not known.
The CFC in Type I diabetic patients is reduced by approximately a third compared with control subjects at rest and also during sympathetic stimulation caused by LBNP-induced hypovolaemic circulatory stress. The established driving force for fluid transfer over the capillary walls during hypovolaemia is, however, of similar magnitude in diabetic and healthy control subjects, indicating sympathetic a-mediated and b-mediated microcirculatory control is preserved. The reduced CFC in Type I diabetic patients seems to explain the reduction in transcapillary fluid absorption during hypovolaemia found earlier [1] . Impaired plasma volume regulation has several important clinical implications, such as reduced tolerance to hypovolaemic circulatory stress, e. g. bleeding, rapid gastrointestinal fluid losses or burn injuries, and might contribute to the increased cardiovascular morbidity in Type I diabetic patients. 
